In this study we investigated the antineoplastic effects of Berberine (BBR)-mediated photodynamic therapy (PDT) on HeLa cells and its related mechanisms. The CCK-8 assay and flow cytometry were used to evaluate the proliferation and apoptosis of cells respectively. In addition, changes in protein expression levels were assessed using western blot. BBR at dose of 10 mg/kg was injected intraperitoneally to mice with tumors and PDT treatments were performed 24 hours later. In vivo imaging systems were used to evaluate the fluorescence of BBR. In vitro, PDT significantly enhanced the effects of BBR on inducing cell apoptosis and inhibiting proliferation. The in vivo results showed that the fluorescence intensity in the PDT group was decreased compared with that in the BBR group. Tumor weights and tumor size in the PDT group were less than those in the control group; however, when BBR was applied without PDT, no significant differences were observed between the BBR and control group. The results of western blot showed that PDT enhanced the inhibitory effects of BBR on the mammalian target of rapamycin (mTOR) signaling pathway, that may partly explain the potential underlying mechanisms.
Introduction
Berberine (BBR) is a quaternary ammonium compound extracted from the Traditional Chinese Medicine Coptis. BBR has a wide range of pharmacological effects including antisepsis, antiarrhythmic, anti-hypertensive, and antitumor activities and is used in the treatment of digestive tract diseases, and obstetrical and gynecological diseases. Recently, the antitumor effects of BBR, including inhibition of tumor cell proliferation, invasiveness and metastasis, induction of apoptosis, and its influence on cell growth cycle and signaling pathways, have been widely observed in various tumor models [1] [2] [3] [4] .
Photodynamic therapy (PDT) is a non-intrusive cancer treatment which involves the administration of photosensitizers and illumination by specific wavelengths to produce photochemical and thermal reactions. The sensitization of photosensitizers leads to the conversion of reactive oxygen species from the ground-state, mainly active singlet oxygen ( 1 O 2 ). 1 O 2 can react with many biological molecules, such as nucleic acids, lipids and proteins, and these reactions lead to cell death. In the past decade, PDT has been used in the clinic as a new method of treating malignant tumors, and its definite curative effect and low toxicity are well known [5] [6] [7] [8] .
BBR is proven as a naturally occurring phototoxic alkaloid, which can be activated by near-ultraviolet light (NUV) and far-UV (FUV), and was found to be a 1 O 2 generator in experiments using the chemical trap 2,5-dimethyl furan. Studies on BBR-PDT in the treatment of cancers began in 1986 [9] [10] [11] [12] .
In the present study, the antitumor effects of BBR-PDT on HeLa cells were evaluated in vitro and in vivo using a mouse xenograft model. Furthermore, the effects of BBR on the PI3K (Phosphoinositol 3 kinase)-AKT (protein kinase B)-mTOR (mammalian target of rapamycin) signaling pathway was investigated.
Materials and Methods

Animals
BALB/c nude mice were provided by the Medical Laboratory Animal Center of Guangdong (Foshan City, Guangdong, China). The animals were housed in specific pathogen free (SPF) conditions with a 12 hour light/12 hour dark cycle, at 19 -25°C, a relative humidity of 42 -59% and free access to food and water. Treatments were carried out after 7 days of quarantine. The experiments were performed in accordance with the international guidelines on experimental animals and approved by the Ethics Committee of Shenzhen Peking University -The Hong Kong University of Science and Technology Medical Center (license number was SYXK 2015-0106).
Materials
BBR was provided by Sigma-Aldrich (Burlington, MA, USA) and dissolved in phosphate buffer solution (PBS). The primary antibodies of phosphatidylinositol 3 kinase (PI3K, cat. no. PA5-38904), phospho-PI3K (cat. no. PA5-17387), protein kinase B (AKT, cat. no. AHO1112), mammalian target of rapamycin (mTOR, cat. no. PA5-34663), p70 ribosomal s6 kinase (p70s6k, cat. no. MA5-15141), phospho-ribosomal protein s6 (p-rps6, cat. no. MA5-15140) were purchased from Invitrogen (Carlsbad, CA, USA). Primary antibodies of phospho-Akt (cat. no. #4060), phospho-mTOR (cat. no. #5536), phospho-p70s6k (cat. no. #5536), rps6 (cat. no. #2217), B-cell lymphoma-2 Associated X (Bax, cat. no. #2772) and β-actin (cat. no. #4970) were provided Cell Signaling Technology (Danvers, MA, USA).
Cell proliferation and apoptosis
Absorption of BBR solutions was measured using a Micro-Spectrophotometer (Q5000, Quawell Technology, Inc., Sunnyvale, CA, USA). The concentrations of BBR used were 1.6, 3.1, 6.3, 12.5, 25, 50, 100 and 200 μg/mL, and absorbance-concentration curves were obtained by matching the data. 1 × 10 6 cells/mL of HeLa cells were cultured in 96-well plates, 24 hours later, BBR at concentrations of 0, 1.6, 3.1, 6.3, 12.5, 25 and 50 μg/mL were added to the culture medium. The cells were divided into the BBR and BBR-PDT groups. Six hours later, the cells in the BBR-PDT group were exposed to a 405 nm laser unit at a luminous flux of 40 mW/cm 2 for 3 minutes (total energy 7.2 J/cm 2 ) as described previously [13, 14] . Cells in the BBR group were not exposed to the laser. Protocols for U-118 MG, U-251 MG and HaCaT cells were the same as HeLa.
The Cell Counting Kit-8 (CCK-8) (DOJINDO, Tokyo, Japan) was used to measure cell proliferation 24 hours after treatment. The concentrations of BBR used were 0,1.6, 3.1, 6.3, 12.5, 25 and 50 μg/mL. According to the instructions of manufacturer, 10 μL CCK-8 reagent was added to 100 μL medium and the cells were cultured at 37°C. One hour later, a microplate reader (Spectra Max i3x, Shanghai, China) was used to detect the absorbance at 450 nm with a reference wavelength of 405 nm.
The Annexin V-PE apoptosis detection kit I (BD Pharmingen TM , San Diego, CA, USA) was used to detect apoptotic cells. BBR concentrations were 1.6, 6.3 and 25 μg/mL. Following treatment for 6 hours, the cells were washed twice with ice-cold PBS. 1 × 10 6 cells/mL were resuspended in 1 × binding buffer, and then 5 μL PE Annexin V was added followed by 5 μL 7-AAD. Cells were incubated in the dark for 15 minutes at room temperature (RT), and apoptotic cells were detected using Flow Cytometry (FCW).
Xenograft models
HeLa cells (1 × 10 7 cells/mL) suspended in PBS containing 50 % Matrigel (BD Biocoat TM , San Diego, CA, USA) were subcutaneously implanted into the flanks of female BALB/c mice (4 weeks old; n = 10 in each group) [15, 16] . Mice with tumors were randomly divided into the following four groups; the control group, BBR group, laser group and the BBR-PDT group. The mice were treated when the tumor diameter reached 1 cm. BBR 10 mg/kg was injected intraperitoneally into mice in the BBR and BBR-PDT groups. 24 hours later, mice in the laser and BBR-PDT group were exposed to the laser unit with a luminous flux of 1000 mW/cm 2 for 1 minute (total energy 60.0 J/cm 2 ). An IVIS ® Lumina LT imaging system (Series III, Caliper Life Sciences, San Francisco, CA, USA) was used to evaluate the in vivo fluorescence of BBR in the BBR and BBR-PDT group after treatment. The Vevo 2100 Imaging System (FUJIFILM Visual Sonics Inc., Toronto, ON, Canada) was used to measure tumor size and evaluate therapeutic effects. Treatments were performed once a week for two weeks, the mice were sacrificed 2 weeks later, and the tumors were collected and measured.
Western blot
Protein expression levels were detected using western blot. Briefly, HeLa cells were inoculated into 6-well plates (1 mL/well) for 24 hours. The cells were then divided into the BBR group and BBR-PDT group with BBR concentrations of 0, 1.6 and 25 μg/mL. After 6 hours incubation, treatments were carried out under the conditions described above. 24 hours after treatment, the cells were collected and washed with ice-cold PBS. Lysis buffer (Thermo Fisher Scientific, USA) containing PMSF (phenyl methane sulfonyl fluoride, 1 mM, Thermo Fisher Scientific, USA), Na 3 VO 4 (1 mM, Sigma-Aldrich, USA), and NaF (20 mM, Sigma-Aldrich, USA) was added at a volume of 80 μL/well. The mixture was incubated for 30 minutes at 4°C and then centrifuged for 30 minutes at 12,000 r/min. Protein concentrations were measured using a Micro-Spectrophotometer Q5000 and adjusted to 15 μg/mL. Samples of 10 μL were loaded into the spacer gel, the electrophoresis voltages for concentration and separation were 80 V and 120 V, respectively, and the constant current for transfer was 330 mA which lasted 90 minutes. The block time for membranes was 1 hour at RT, and the membranes were then washed three times with Tris-buffered saline. Primary antibodies were added to the membranes and incubated overnight at 4°C. The incubation time for the secondary antibody was 1 hour at RT. The Chemiluminescence Detector (Tanon 5220S, Guangzhou EVELL Bio-technology Co., Ltd., Guangzhou, Guangdong, China) was used to measure the gray values of the protein bands.
Statistics
Data are shown as mean ± SD (standard deviation) and SPSS 17.0 software was used to perform One-way ANOVA analyses for inter-group differences. The P value was used to determine the significance of differences, and P < 0.05 was considered statistically significant. 
Results
PDT enhanced cell proliferation inhibition and apoptosis induction caused by BBR in vitro
As shown in Figure 1B , there were 4 absorption peaks for BBR (100 μg/mL) in PBS at 228, 263, 344 and 417 nm, and the maximum absorption peak was observed at 344 nm. The shapes of the BBR absorption peaks at different concentrations were similar ( Figure 1C ) and a good linear relationship between absorbance and concentration ranging from 1.6 to 200 μg/mL was observed ( Figure 1D ). The 405 nm laser unit was used to perform PDT.
To evaluate the inhibition of cell proliferation and cell apoptosis induction by BBR-PDT, we performed the CCK-8 assay and FCW test. When the concentration of BBR was less than 1.6 μg/mL, the absorbance-concentration curves did not show a good linear relationship. When the concentration of BBR was greater than 50 μg/mL, the color of the BBR solution disturbed the CCK-8 assay. Therefore, the concentrations of BBR used in the CCK-8 assay were 0, 1.6, 3.1, 6.3, 12.5, 25 and 50 μg/mL. The results showed that PDT increased cell proliferation inhibition by BBR (Figure  2A ), the IC 50 and 95% confidence interval of BBR and BBR-PDT for HeLa cells were 17.49 (7.11 -72.29) μg/mL and 2.50 (1.88 -3.45) μg/mL, respectively. Similar effects of PDT enhancing cell proliferation inhibition caused by BBR were observed in groups of U-118 MG, U-251 MG and HaCaT cells. In the apoptosis tests, the PE Annexin V positive cell populations were considered apoptotic cells ( Figure 2B ). The percentage of cell apoptosis induced by BBR-PDT was greater than that induced by BBR ( Figure 2C ). 
BBR-mediated PDT inhibited tumor development in xenograft models
Following the in vitro study, further in vivo validation was carried out using a xenograft model. In vivo fluorescence measurements showed that the fluorescence intensity of BBR was reduced in the BBR-PDT group compared with the BBR group, which indicated that BBR was activated by the 405 nm laser and photobleaching occurred after PDT ( Figure 3A) . These findings showed that BBR-PDT could produce biological effects in tumors. Tumor size and weight in the BBR-PDT group were significantly reduced compared with the control group (P < 0.05); however, BBR without PDT showed no significant differences compared with the control groups ( Figure 3B,C and D) .
Effects of BBR-mediated PDT on the mTOR signaling pathway
The in vitro and in vivo results confirmed that PDT enhanced the anti-tumor effects of BBR. Previous studies have shown that PDT, mediated by several photosensitizers, can affect the mTOR signaling pathway [17] [18] [19] [20] ; however, the influence of BBR and BBR-PDT on the mTOR signaling pathway is still unclear. Therefore, we evaluated the changes in protein expression and phosphorylation levels after BBR and BBR-PDT treatment. As shown in Figure 4 , mTOR is one of the main kinases downstream of PI 3 K/ AKT. Phosphorylation of mTOR compound 1 (mTORC1) decreased when the PI 3 K/AKT signaling pathway was inhibited. BBR dose-dependently decreased the pho-PI 3 K, pho-AKT and pho-mTORC1 levels. PDT enhanced the inhibitory effects of BBR on the PI 3 K-AKT-mTOR pathway. Comparison of tumor weight (g). The dose of BBR was 10 mg/kg. PDT was performed using a 405 nm laser unit with a luminous flux of 1000 mW/cm 2 for 1 min. * P < 0.05, vs control group.
As shown in Figure 5 , phosphorylation of p70 ribosomal S6 kinase (p70s6K) was regulated by mTORC1, and it also influenced ribosome protein S6 (rps6). Synergistic -inhibition of p70s6K and rps 6 phosphorylation by BBR and PDT was observed.
Discussion
BBR has been known as a naturally phototoxic alkaloid for more than 30 years. Luiza [21] found that delivery of BBR to tumor cells was closely related to low density lipoproteins (LDL), and the physicochemical parameters Concentrations of BBR were 0, 1.6 and 25 μg/mL, PDT was performed after 6 hours co-incubation. Means ± SD, n = 3, * P < 0.05, ** P < 0.01, vs BBR group. ^P < 0.05, ^^P < 0.01, vs concentration 0.
of the association between BBR and LDL are important for the antitumor effects of PDT mediated by BBR on glioma cells. Shen [22] revealed the underlying mechanisms of ROS-photogeneration by BBR in a solvent model using the time-dependent density functional theory. The author demonstrated the generation of 1 O 2 and 3 O 2 , which are indicators of PDT, after activation of BBR induced by a light source. Hirakawa [23] proved that BBR was bound to DNA by electrostatic force, and the generation of 1 O 2 following BBR activation was switched by the DNA microenvironment. These studies indicated that BBR-PDT is a promising strategy for treating cancers. However, there are few studies on the antitumor effects of BBR-PDT in xenograft models in vivo, and the effects of BBR-PDT on HeLa cells are unclear. In this study, we showed the antineoplastic effects of BBR-PDT on HeLa cells not only in vitro but also in vivo. The in vitro results showed that BBR-PDT significantly inhibited proliferation of HeLa, U-118 MG, U-251 MG and HaCaT cells and induced cell apoptosis. The inhibitory effects of BBR-PDT on proliferation in different cell lines may be nonspecific. The nude mouse xenograft model showed that the fluorescence intensity of BBR was reduced in the BBR-PDT group compared with the BBR group, and tumor size in BBR-PDT group was less than that in the control group (P < 0.05). However, BBR without PDT showed no significant differences compared with the control group. These findings indicated that PDT enhanced the anti-tumor effects of BBR in HeLa cells.
In previous studies, the antitumor mechanisms of BBR-PDT were mainly attributed to the cell-damaging effects caused by ROS [24] [25] [26] [27] , and to mitochondria damage. Studies on the influence of BBR-PDT on signaling pathways are lacking. PI 3 K-AKT-mTOR is a major pathway that has been confirmed be vital in cancer cells and inhibited by ROS. The Ser/Thr protein kinase mTOR lies downstream in the PI 3 K/AKT signaling pathway. All three kinases are important in the regulation of cancer cell growth, survival and angiogenesis. It generally promotes survival by activating anti-apoptotic factors and inhibiting proapoptotic factors. The PI 3 K-AKT-mTOR pathway also has a critical role in tumor stem cell self-renewal capacity and resistance to radiotherapy and chemotherapy [28, 29] . Recent studies showed that PDT inhibited the PI 3 K-AKT-mTOR signaling pathway. Han [30] found that Upconversion Fluorescent Nanoparticles Encapsulating Chlorin e6 could mediate PDT and induce suppression of p-AKT and p-mTOR via ROS generation in foam cells.
Many studies have shown that BBR attenuates cell proliferation and apoptosis by influencing the PI 3 K-AKTmTOR pathway and autophagy. For example, Shukla [31] observed that BBR induced down-regulation of the PI3K-AKT-mTOR pathway, significantly upregulated the mRNA expression of FoxO proteins and evoked mitochondrial apoptosis in HepG2 cells. Chitra [32] found that BBR blocked the activation of PI3K-AKT against bleomycininduced dysregulation, inhibited p-mTOR and stimulated autophagy in pulmonary fibrosis rats. Yi [33] revealed the relationship between BBR induced apoptosis and AKT signaling in human gastric cancer cells, and inhibition of the AKT-mTOR-p70s6K-rps6 pathway in BBR-treated BGC-823 cells was observed. Ai [34] proved that BBR regulated proliferation via the mTOR-p70S6K signaling pathway. These studies indicate that BBR influences the PI3K-AKT-mTOR-p70s6K-rps6 signaling pathway. In the present study, we confirmed that BBR-PDT inhibited activation of the PI 3 K-AKT-mTOR pathway, and the phosphorylation of p70s6K and rps6 was inhibited when p-mTORC1 was suppressed. In addition, we found that inhibition of this signaling pathway by BBR-PDT was stronger than that by BBR alone. This may explain why the BBR-PDT group showed greater inhibition of tumor proliferation and stronger induction of cell apoptosis. In a recent report, Kou [35] showed that BBR-mediated sonodynamic therapy (SDT) induced autophagy by reducing the phosphorylation of AKT and mTOR in macrophage. It is well known that the mechanisms of SDT are similar to those of PDT [36] ; thus, this study partially supported our findings.
In conclusion, we demonstrated that PDT enhanced the inhibitory effects of BBR on HeLa cell proliferation not only in vitro but also in vivo; the synergistic inhibition of the mTOR signaling pathway may partly explain the potential underlying mechanisms.
